Maple syrup urine disease (MSUD) is caused by an inherited deficiency of the branched-chain ␣-keto acid dehydrogenase, resulting in a marked increase of the branched-chain amino acids (BCAAs), leucine, isoleucine and valine and their respective branched-chain ␣-keto acids (BCKA) in body fluids. The disease is characterized by acute encephalopathy and chronic brain dysfunction. During episodes of acute encephalopathy with progressive neurologic signs-cerebral edema, seizures, and coma-the levels of BCAA and BCKA, particularly leucine and ␣-ketoisocaproate (KIC), are greatly increased in blood, cerebrospinal fluid, and brain tissue. Immediate therapeutic reduction of toxic plasma levels relieves all signs of neurologic dysfunction within a few days. Protection of the patient against long-term myelin damage and mild retardation requires permanent treatment that aims to normalize plasma amino acid concentrations by adjusting dietary intake of BCAA (for review, see 1). The pathophysiological mechanisms underlying the acute dysfunction of the CNS are not clear, and various models are discussed: elevated levels of BCAA could decrease the transport of other large neutral amino acids across the blood-brain barrier (2) , affect mitochondrial function (3), or induce neuronal apoptosis (4) .
Leucine and/or KIC has been proposed as the cue substances in pathophysiology of neurologic dysfunction in MSUD (5) . We studied the effects of increased extracellular leucine and KIC on spontaneous neuronal activity of cultured neuronal networks from embryonic rats. In a second step, we measured the influence of these substances on ϩ currents were blocked by replacing KCl in the patch pipette by CsCl and adding TEA (10 mM) to the bath solution. After each run, tetrodotoxin (TTX, 1 M) a specific blocker of the sodium channel, was added to the bath solution to ensure that the measured currents were sodium currents.
Resting membrane potential of neurons. Membrane potential was determined in the current-clamp mode after at least 5 min and up to 60 min of incubation in standard bath solution and compared with resting membrane potential of neurons incubated with standard bath solution containing leucine (10 mM) and/or KIC (10 mM).
Ligand gated channels. Neurotransmitters were applied close to the cortical neuronal soma by pulsed pressure ejection through a second micropipette (distance 30 -100 m) as described previously (7) . The solution of the application pipette contained standard bath solution with the dissolved neurotransmitters in following concentrations: GABA (100 mol/L) and glycine (1 mM) or with leucine and KIC as indicated. The recordings were made in bath solution before and after incubation (5 min) with bath solution containing leucine (10 mM) and/or KIC (10 mM).
Spontaneous neuronal network activity. Neuronal hippocampal and cortical cultures developed spontaneous network 321 activity patterns that are based on a cooperative phenomenon of synaptic efficacy and neuronal sensitivity (8) . Exposure of the neuronal cultures to Mg 2ϩ -free bath solution induced stable oscillations of membrane potential at a frequency of~0.1 Hz. The membrane depolarizations were representing periodic bursts of action potentials that were synchronized within the cultured network (9) . Increase or decrease in the burst periods indicated changes in either presynaptic or postsynaptic function. Thus, the frequency of these membrane depolarizations per minute [depolarization frequency (DF)] can be used as a value to measure the impact of neuroactive substances on the spontaneous neuronal network activity. The bath solution for induction of enhanced network activity contained (in mmol/L) 150 NaCl, 0 MgCl 2 , 1 CaCl 2 , 2 KCl, 10 glucose, and 10 HEPES at pH 7.4. Interference by action potential generation of the recorded neuron was excluded by addition of lidocaine derivative QX-314 (5 M) to the pipette solution.
Intracellular Ca 2؉ measurements. Neurons were loaded with the cell permeant form of the radiometric dye Fura-2AM (5 M) for 45 min. After dye-loading cells were perfused using the bath solution given above with leucine, KIC, or both. Glutamate was added to the perfusion solution at a final concentration of 500 M. Cells were alternately excited with light at 340 nm and 380 nm wavelength, and fluorescence was visualized using a CCD camera system (Merlin; Chromophore, Duisburg, Germany). We measured the fluorescence after excitation with light (F 340 and F 380 ); calculated the ratio (F ϭ F 340 /F 380 ), which reflects the intracellular free Ca 2ϩ concentration; and compared the maximal fluorescence ratio values before (F before ) and within 1 min after (F after ) glutamate application. Fig. 1A ). The onset of the effect started within 10 s after application and reached a steady state within 1 min without any further decrease of the DF within the following 3 min recording time. The reduction of network oscillations was completely reversible after change to bath solution without KIC (Fig.  1A) . The same effect was observed after addition of leucine to the external bath solution (Table 1, Fig. 1B ). Simultaneous incubation with both substances, leucine (5 mM) and KIC (5 mM), which each by itself reduced DF~50%, did not show the expected additive effect on DF reduction but a limited decrease to a mean of 26% (SD 14; Table 1 , Fig. 1C ).
Voltage-dependent currents and membrane potential. Neither action potentials (current clamp mode) nor sodium or potassium currents (voltage clamp mode) were changed in the presence of KIC or leucine at concentrations up to 10 mM. Especially neurons (n ϭ 12) incubated for 15 min with standard bath solution containing leucine and KIC at a concentration of 5 mM had maximum Na currents with CsCl during incubation with high concentrations of leucine (10 mM) and KIC (10 mM) did not show any significant difference of the peak values of Na ϩ currents I Na ϭ Ϫ1.62 Ϯ 0.8 nA (n ϭ 9) [I Na (control) ϭ Ϫ1.21 Ϯ 0.6 nA (n ϭ 6), n.s.]. Also, the corresponding Na ϩ -channel inactivation constant V1/2 did not change during incubation [V1/2ϭ Ϫ70.2 mV, Ϯ 2.5 mV; V1/ 2(control) ϭ Ϫ69.4 mV, Ϯ 2.1 mV, n.s.; Fig. 2] . Furthermore, the membrane potential-an integrative indicator for membrane conductances-was constant during 30 min of incubation with bath solution containing leucine (10 mM) and KIC (10 mM) (Ϫ39.7 
Table 1. Elevated levels of leucine or KIC decreased in a dose-dependent manner the spontaneous DF of neuronal networks
Application of both substances resulted in a partial compensation of their effect (values given as ratio of the initial recorded frequencies from hippocampal neurons). 322 mV Ϯ 6.15 mV; n ϭ 9) compared with the control group (Ϫ35.9 mV Ϯ 5.10 mV; n ϭ 6, n.s.). Concentrations up to 10 mM were well tolerated over hours without visible cell damage.
Postsynaptic ligand gated ion currents. Because action potential generation and voltage gated ion currents seemed to be unharmed by leucine and KIC, we investigated whether the neuronal ligand gated channels were modulated by extracellular leucine and KIC. In the first step, we filled a micropipette with KIC (10 mM) and leucine (10 mM) and applied the solution by pressure ejection near the soma of the neurons (n ϭ 4). Both substances had no effect on the neuronal membrane potential, and they did not induce any relevant membrane current (Fig. 3A) . Furthermore, we did not observe any interference with the currents elicited by pressure ejection of the inhibitory neurotransmitters GABA (100 mol/L; n ϭ 3, Fig. 3B ) and glycine (1 mM; n ϭ 4, data not shown) during incubation with bath solution containing leucine (10 mM) and/or KIC (10 mM).
Intracellular Ca 2؉ increase induced by glutamate. The neurotransmitter glutamate induces a strong intracellular calcium increase by opening of ligand gated calcium channels (10) . By means of Ca 2ϩ imaging technique, bath application of glutamate in a final concentration of 0.5 mM induced a clear intracellular calcium response in the neuronal cells. However, there were no differences in the glutamate evoked Ca 2ϩ responses during incubation neither with leucine (10 mM) nor with KIC (10 mM) alone or in combination (Table 2) .
DISCUSSION
The main results of our experiments are that leucine as well as KIC reduced spontaneous neuronal network activity in a fast, reversible, and dose-dependent manner, whereas both substances antagonized each other. Leucine and KIC induced a decrease in the neuronal network DF at concentrations of 1-10 mM, which are similar to plasma levels found in patients with MSUD during acute encephalopathic episodes (1, 5) . The observed neurophysiological effect in the cultured network could be in principle based on alterations of the excitability of single neurons or based on changes of synaptic efficacy. In our study, impairment of the neuronal excitability seems to be unlikely because the generation of action potentials, the resting membrane potential as well as basic voltage-gated ion channels (here sodium and potassium currents), are not affected in the presence of high concentrations of leucine and/or KIC. Cultured hippocampal and cortical networks have predominantly glutamatergic and GABAergic neurons as well as glutamate, GABA, and glycine receptors (7, 11) driving the spontaneous network activity (12) . Here, leucine and KIC failed to change the postsynaptic membrane currents elicited by glycine, GABA, and glutamate. In addition, the compounds themselves did not activate postsynaptic membrane currents, indicating that leucine and KIC have no intrinsic neurotransmitter activity.
Korein et al. (13) suggested an imbalance of presynaptic glutamate metabolism as an underlying mechanism of acute encephalopathy in patients with MSUD. Our findings also favor the hypothesis that the decrease of neuronal network activity is based on changes of presynaptic transmitter release. Glutamate is the major excitatory neurotransmitter of the CNS and the precursor of the inhibitory neurotransmitter GABA. The presynaptic glutamate synthesis requires leucine as an amino group donor that is transaminated to KIC (14) . The reaction is catalyzed by the BCAA transaminase in a bidirectional enzymatic process that predicts the direction of the transamination depending on the ratio of the involved substrates: leucine ϩ ␣-ketoglutarate N KIC ϩ glutamate. Consequently, increasing concentrations of KIC results in a decrease of glutamate as described in astroglial cultures (15) . In this context, a presynaptic low level of glutamate should lead to a reduced synaptic release of the excitatory neurotransmitter and thereby would explain a decrease of the observed spontaneous network activity. If this is true, we would expect a minor release of the transmitter into the medium. However, because of the very large "extracellular space" in monolayer cultures compared with brain tissue, we had no reliable method available for proving this hypothesis. In addition, an imbalance of spatial buffering of extracellular glutamate by glial cells seems to be unlikely because the proportion of contaminating astrocytes in our culture system is very low (6) . The observation that the network activity decreases within seconds is compatible with a rapid decrease of the synaptic vesicular pool because burst of action potentials could reduce vesicular neurotransmitter release within a few seconds (16) . Thus, we could not differentiate on the intracellular level which glutamate compartment-the cytosolic or the vesicular-is involved.
The surprising observation in this study was that leucine results in a similar derangement as KIC. Leucine could stimulate the activity of glutamate dehydrogenase, which may be followed by a reduction of the cytosolic or vesicular transmitter glutamate pool (17) . However, an increase of leucine enhances the glutamate concentration by donating amino groups and the glutamate is metabolized to the inhibitory neurotransmitter GABA (18) . Dufour et al. (19) reported neurophysiological GABAergic effects in a rat epilepsy model under increased leucine concentrations. This supports the finding that both substances functionally antagonize each other in the network activity.
The reversibility, the fast inhibition of the spontaneous network activity by leucine and KIC after a couple of seconds, and the competitive effect of KIC to leucine provide evidence for an interference of these metabolites with enzymatic stoichiometric processes or with the excitatory amino acid transport systems rather than an intoxication or even cellular destruction. With respect to microscopically unaltered morphology of cell bodies after incubation with high concentrations of leucine and KIC, we can also exclude fast damage of neuronal integrity by these substances. This is not in contradiction to the results by Jouvet et al. (4) , who described a dose-dependent induction of apoptosis by KIC in cell cultures after a couple of hours. Therefore, the functional disturbance underlying acute metabolic encephalopathy has to be separated from structural CNS defects-such as dysmyelination-seen in patients with MSUD with persistently elevated leucine and KIC levels (1, 20) .
The observed global interaction with neuronal network activity by leucine and KIC fits with clinical studies using loading tests in patients with MSUD in whom leucine and KIC were related to alterations of the EEG (13) . The imbalance between concentrations of leucine and KIC could be more important for an acute encephalopathy of patients with MSUD during metabolic crisis than the absolute concentration of the single substance. Some patients showed clear neurologic signs at values of leucine (1 mM), whereas other tolerated higher levels of leucine (Ͼ1.5 mM) without neurologic symptoms (5).
The adaptation of patients to permanently elevated leucine/KIC concentrations could be explained by the neurophysiological antagonistic effect.
In conclusion, studies on systemic effects of metabolites on neuronal network activity seems to be helpful to elucidate pathophysiological mechanisms in acute metabolic encephalopathies.
